The concept of efficiency of a holding tube is essential to guarantee the safety of continuously processed fluid foods. A good prediction of efficiency allows a better control of the processing conditions, guaranteeing product safety while decreasing product quality losses due to overprocessing. Different published methods were compared to data obtained in this work and to reported data, to assess their ability to predict tube efficiency in a range of Reynolds number (Re) covering laminar; transient and turbulent flow. Furthermore, a model assuming dispersed plug flow and a power-law relation between Peclet number (PC) and Re was developed and evaluated. Published models were shown to be, in general, conservative for both laminar and turbulent flow, but often overpredicted the experimental efficiency in the zone of 2100 < Re <4000. Deviations between predicted and experimental values were very considerable (errors from -25% to 90%). The model proposed has proved to be conservative over the whole range, but more accurate (errors ~tp to 15Vrj). 0 1998 Elsevier Science Limited. All rights reserved 
INTRODUCTION
The theory of residence times may be readily adopted to determined sterilisation efficiency in continuous thermal processes, thus guaranteeing that the main design objective -product safety -is attained. This concept was first applied to commercial equipment for processing food products in the late 1960s. Rao and Loncin (1974) Lin (1979) and Pinheiro Torres and Oliveira (1998) presented reviews on studies of tube efficiency in continuous thermal processing. The efficiency of a hold tube (2:) is defined as (Rao & Loncin, 1974) :
z where tmin is the minimum holding or residence time of the fluid in the tube. Several studies determining tmin of fluids in holding tubes may be found in the literature (Jordan et al., 1949; Jordan & Holland, 19.53; Dickerson et al. 1968; Kaufman et al., 1968; Scalzo et al., 1969; Edgerton et al., 1970; D'Aoust et al., 1987; Rodrigo et al., 1990; Sancho & Rao, 1992) . These studies analysed a variety of products, namely water, sucrose and guar gum solutions, milk and egg products, and crushed tomato. Pinheiro Torres and Oliveira (1998) reviewed tested products, experimental methods and operating conditions used in the different works. Some authors studied the effects of processing conditions on t,i" or the corresponding holding tube efficiencies: Scalzo et al. (1969) verified that t,i" of different egg products decreases with increasing viscosity (corresponding to a decrease in hold tube efficiency); Dickerson et al. (1968) analysed various milk products and holding tubes and concluded that t,i, is related to tube diameter, tube length and number of bends and to product viscosity; Edgerton et al. (1970) related effects of excess pressure and temperature to maximum velocity in a hold tube and compared experimental t,i, to predict values (Nikuradse, 1932) concluding that a positive deviation of experimental results could be observed, which increased with the Reynolds number (Re). All these experimental findings indicate a possible relation between tube efficiency and Re.
Although some authors advise the experimental determination of t,,,,, (Jordan et al., 1949; Anon., 195(I) , others propose different conservative models for calculating t,,,i,, from mean holding times in the holding tubes (t), which depend on whether laminar or turbulent flow conditions are observed. Table 1 summarises published models for Newtonian fluids, though models for pseudoplastic fluids are also available (Pinheiro Torres & Oliveira, 1998) . Values for tube efficiency are never below 0.5 for Newtonian fluids in laminar flow while values below 0.5 may be found for dilatant fluids (Rao, 1973) . In turbulent flow, the predicted efficiency is always above 0.78. According to Pinheiro Torres and Oliveira (1998) these models yield in general results showing positive deviations from experimental data, while being dependent on the flow regime (relative deviations ~2.4% for turbulent, ~5%. for transient and ~22% for laminar flow).
The objectives of this work were: (i) to assess the accuracy of published models for the prediction of tube efficiency in a range of Re covering high laminar and low turbulent flow, (ii) to develop and evaluate a model able to yield conservative yet accurate predictions, based on the relation between flow properties (Peclet number. Pe) and process parameters (Re) and (iii) to apply this model to select processing conditions that guarantee product safety while reducing overprocessing, thus improving quality. 
MATERIAL AND METHODS
Residence time experiments were conducted in a continuous thermal processing pilot plant (Pinheiro Torres & Oliveira, 1993) according to the methods described in Part I (Pinheiro Torres et al., 1998). Additional replicates were conducted in order to increase the statistical significance of the results. A total of 110 experiments was analysed. Mean holding times, z, and Re were calculated for each processing condition, as described in Part I. Re values between 1350 and 9700 were obtained, thus covering a range of laminar, transient and turbulent fluid flow. Minimum residence times (tmin) were determined when absorbance reached values of 0.001 to O-004, corresponding to the first 0.03-0.05% of fluid exiting the test area. The corresponding efficiency was then calculated using eqn (1). Experimental results where the mean holding time r differed significantly from the mean residence time estimated from the RTD curve (errors above 10%) were rejected, as this indicated that a channelling in the fluid circuit might have occurred.
RESULTS AND DISCUSSION
Evaluation of published models predicting tube efficiency Figure 1 shows efficiency values calculated from our experimental data, as well as efficiencies reported in the literature or evaluated from reported data (Newtonian fluids only were considered); values predicted with published models (see Table 1 ) are also included. It should be stressed that the reported models were developed assuming fully developed flow in straight tubes. In a real situation this is often not the case in a considerable part of the tubes, and furthermore the pipe bends influence the flow: streamlines are broken and more turbulence is therefore promoted, inducing a higher mixing of fluid and thus a higher efficiency. This may partially explain why all models predict little or no effect of Re in a given flow regime, while a significant effect of Re on experimental efficiency values can be observed. Figure 2 shows the relative deviations between our experimental results and the predicted values, (E,,,, -E~~~~)/E~,.~~. Underprediction of the experimental efficiency (positive relative deviation) is desirable as this yields a conservative result in terms of safety of the process. Figures 1 and 2 show that in the laminar regime (Re<2100) the model for laminar flow predicts conservatively our experimental results, with relative deviations between 0.31 and 0.50. In turbulent flow (Re > 4000) Rao and Loncin's, Edgerton's and Sancho & Rao's models also show conservative predictions with relative deviations up to O-20, whereas Nassauer and Kessler's model in general overpredicts our experimental efficiency (relative deviations down to -0.09). In the transition zone (2100 <Re <4000), where flow shows both laminar and turbulent characteristics (Bird et al., 1960) , none of the reported models (Rao & Loncin's and Naussauer & Kessler's) guarantees conservative predictions of the experimental results (relative deviations down to -0.09 and -0.17 respectively). In terms of the experimental data reported in literature, it was found that the predicted values are, in general, conservative both in the laminar and in the turbulent regime, though the relative deviations are high: up to 0.52 in laminar flow and 0.24 in turbulent flow.
On the other hand, efficiencies predicted for egg products in the transition flow regime were underestimated, with relative deviations down to -0.09. Furthermore, a larger scatter of the experimental data was observed, which may be due (i) to the influence of the different methods used for tracer detection and (ii) to the methods used for the calculation of the mean holding times. In fact, insufficient sensitivity of the tracer detection method (Jordan et al., 1949; Jordan & Holland, 1953) will lead to a delay in the measurement of t,i, and thus larger efficiencies are calculated. On the other hand, an excessively sensitive detection method will give a value of t,,,, corresponding to an infinitesimal amount of fluid first exiting the test area, which may not be significant for guaranteeing the safety of the product. From Fig. 1 , two clusters of data can be distinguished: data from Sancho and Rao (1992) for water and sugar solutions, and data for egg products showing Newtonian flow behaviour (Kaufman et al., 1968; Scalzo et al., 1969) ; this suggests that the tracers used in egg products might have quite a different detection level than the salt conductivity test used in the other model fluids.
To illustrate the effect of different tracer detection levels on efficiency determination, efficiencies were simulated from theoretical RTD curves, based on the dispersion model. Different percentages of fluid were considered as the 'minimal amount of fluid' first exiting the tube required for the tracer to be detected, corresponding to the first 0.05, 0.1, 0.5 and 1.0% of the cumulative RTD curve. Increasing percentages correspond to situations where tracer detection becomes less sensitive, thus a higher amount of tracer is needed for detecting tmin. Fig. 3 shows how the different fluid percentages considered (corresponding to different limits in tracer detection) affect the calculated efficiency for the same RTD curve (characterised in the dispersion model by Pe). Different methods may be used to calculate the mean residence time: directly from the processing conditions (tube volume and flow-rate) or from the statistical analysis of the RTD curve. Sancho & Rao (1992) reported differences up to 29% when using these two methods for calculating tube efficiency. These differences are expected to some degree in non-ideal RTD models (Levenspiel, 1972) and often result from errors due to tailing of RTD curves (Pinheiro Torres & Oliveira, 1998) .
Development and evaluation of a model based on the relation between flow properties and process parameters
Assuming that RTD may be described by the dispersion model, characterised by the Peclet number (Pe), process parameters were related through Re to the flow conditions in the system in Part I of this work (Pinheiro Torres et al., (Cleveland, 1993) for relative errors in predicting efficiencies measured in this work, using both the proposed and published models. i 2.9 x lop5 x Re"" Rec3.300 Pe= 0.016 x Re' " Re < 3300
(2)
Efficiencies were calculated for different Pe values, by modelling RTD and considering A,,,,, as the time when the first 0.05% had just come out of the tube. It was found that these values could be related to Re by the following empirical equation:
I: pred = 1 -(55.9 k 1 .9)Re' pO'hX1 ' ('-"""
This equation allows the prediction of tube efficiency directly from processing conditions and may be applied to the whole range of Re tested in our work, independently of the flow regime (1350 < Re ~9700). This model was also included in Fig. 1 and it can be seen that, besides describing reasonably well the effect of increasing Re, it conservatively predicts our experimental efficiency data, as might be expected (see Fig. 2 ): when modelling the RTD curves in Part I, the estimation method for the model parameter (Pe) was selected so that the model would bc conservative when applied to predict the extension of reaction. Figure 4 shows the probability plot of the residuals between our experimental data and our model, and it can be seen that thev follow a normal distribution. centred in an absolute error of When comparing experimental data reported by other authors to efficiencies predicted by our model (see Fig. l) , it was concluded that the model is also conservative and more accurate than the other models. An exception was observed for some data from Kaufman et al. (1968) , that may be justified by the previously discussed sources of experimental errors.
Application of our model to selection of processing conditions
The model proposed above can be directly applied in the design, evaluation and optimisation of continuous thermal processes. The required tmin selected for thermally processing a given product at a temperature T, on the basis of safety requirements, initial microbial load and microbial death kinetics, determines the flow rate to use in a thermal processing system with a given tube length. Figure 5 , that was created based on eqn (3), allows for a straightforward selection of flowrate, if the characteristics of the product at the processing temperature (density, PT, and viscosity, p-r) and the dimensions of the hold tube (diameter, d, and length, L) are known.
From these data, the values of the X-and Y-axis in The point of interception of the values of the coordinates in Fig. 5 with the lines of mean holding times will indicate the lowest mean holding time required to guarantee the product safety. This holding time, when compared to the one that would be selected by the conventional methods (e.g. mean holding time calculated as twice the t,i,) will reduce overprocessing thus improving the product quality.
As an example, if a given aseptic process is defined so that the X-value can be calculated as being Rer = 20000 (e.g. pasteurisation of beer at 72°C or sterilisation of tomato paste at 108"Q product safety is guaranteed at the predetermined processing temperature t,i" = 3.4 min. A conservative prediction assuming laminar flow would lead to a mean holding time of z = 68 min, which corresponds to Re = 2940 (roughly laminar flow). However, Fig. 3 indicates that for X= 20000 and Y= 3.4 min, a minimum mean residence time of z = 4 min would be sufficient to guarantee product safety. Furthermore, the corresponding Re = 5000 =X/z indicates that this new prediction is within the range of Re for which the model in eqn (3) is conservative.
Running the aseptic process equipment for z = 4 min instead of r = 6.8 min will still guarantee a safe product, but with increased quality (e.g. increase of 13% for a quality factor with rate constant of 0.05 min-' at the given processing temperature, or 43% for a rate constant of 0.02 min-'), as it will suffer a lower mean processing time. Additionally, a higher production rate may be achieved.
CONCLUSION
Most published models for predicting efficiency are conservative both for laminar and turbulent flow regimes but show deviations up to 0.50 and 0.20, respectively. In the transition zone of 2100 <Re ~4000 the proposed models are in general nonconservative (relative deviations down to -0.17). The model developed in this work, based on the relation between flow properties (Pe) and process parameters (Re), was found to yield conservative although more accurate predictions (errors up to 0.15) in the whole range of Re tested (1350 to 9700). This model allows for the specification of processing conditions that would lead to reduced overprocessing, when compared to the methodologies usually applied.
